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Abstract 
The photovoltaic (PV) efficiency of solar cells is inversely proportional to their operating temperature. The 
temperature distribution in a PV module will also give rise to thermal stresses within the module. Hence it is 
important to determine the operating temperature of solar cells accurately. This paper describes the finite element 
thermal analysis of a typical PV module whereby the temperature distribution in each of the layers of the module is 
determined. The layers consist of a top glass cover, solar cells and bus bars, ethylvinylacetate (EVA) and Tedlar 
backsheet. To simulate the actual situation, the frame of the PV module is also modelled. Optical parameters for the 
reflectivity, transmissivity and absorptivity for the relevant layers are taken into account to determine the actual heat 
dissipation in the areas exposed directly to sunlight. Heat losses by convection and radiation are also included in the 
simulation. Temperature contour plots show that there is a temperature gradient across each layer, with the regions 
near the frame being significantly cooler. The temperature distribution across the cells in the centre of the module is 
found to be quite uniform, but that for the cells nearest to the frame encounters a 5 °C difference across each cell. The 
temperatures of the different layers are also compared and it is found that the difference is not more than 1 °C across 
the thickness of the PV module. As convection heat loss can be highly variable during operation, the effect of varying 
values of the convective heat loss coefficients at the surfaces of the module is also determined. This analysis provides 
an understanding of how the convection heat loss coefficient at the module surfaces affect the temperature of the 
solar cells and their efficiency. 
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1. Introduction 
The performance of a solar panel is largely dependent on its photovoltaic (PV) efficiency. Certainly, 
an outstanding PV efficiency justifies the use of solar technology to replace fossil fuels as the main 
energy source. Various research initiatives have been directed at improving the PV efficiency through 
enhancing the electrical characteristics of solar cells and through optical means such as the use of non-
reflective coatings to increase optical transmission, just to name a few. In addition, it is also possible to 
achieve this aim thermally by the cooling of solar cells during operation. Zondag et al. [1] and Huang et 
al. [2] found that a lower temperature of the PV module aids in the improvement of the PV efficiency. 
This is one of the main motivations for the development of photovoltaic-thermal (PVT) modules where 
the heat developed in the module when it is exposed to sunlight is harvested by a fluid flowing under the 
panel. In this case, the heat collected can be channelled to useful applications such space heating or water 
heating. Prakash [3] has performed a theoretical analysis for an air/water PVT module while Tripana-
gnostopoulos et al. [4] have investigated the effectiveness of PVT experimentally. Both studies consider 
the inverse relationship between PV efficiency and solar cell temperature. 
 
A knowledge of the temperature of the solar cells is of significant importance to the prediction of the 
PV efficiency to expect during operation. In this paper, finite element analysis is conducted to determine 
the temperature distribution within each layer of the PV laminate. Due to the temperature dependence of 
PV efficiency, iterations may be needed to obtain the precise temperatures after the initial assumptions of 
PV efficiency. To relate to a realistic situation (where PV laminates are usually mounted in an aluminium 
frame whereby the thermal contact between the frame and the PV laminate is not negligible), the frame 
and the silicone sealant used are also modelled. Experimental values measured for the reflectivity, 
transmissivity and absorptivity of the various materials are used in the simulations. The simulation model 
is constructed to enable the different parameters to be applied precisely on the relevant areas. This paper 
describes how the temperature distribution of the PV laminate can be obtained using finite element 
simulation. Such simulations are useful for the optimisation of the design of the supporting structure, 
selection of materials for better cooling of the solar cells and determination of the ideal conditions under 
which the PV laminate operates. The effectiveness of increasing PV efficiency by cooling the solar cells 
can also be investigated. 
 
Nomenclature 
ε emissivity 
r reflectivity 
η efficiency 
q heat flux (W m-2) 
T  temperature (°C) 
h convective heat loss coefficient (W m-2 K-1) 
v wind speed (m s-1) 
β temperature coefficient (°C-1) 
L characteristic length (m) 
Subscripts 
amb ambient 
bb bus bar 
bs backsheet 
cell cell 
f frame 
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gl glass 
gr ground 
pv photovoltaic 
ref reference 
s sky 
rear rear of PV module 
side side of PV module 
front front of PV module 
2. Finite element model 
The modelled PV laminate has the dimensions of an actual 12x6-cell laminate, measuring 1580 mm by 
790 mm. The solar cells used are multicrystalline silicon wafer cells, each measuring 125 mm by 125 
mm. Each solar cell is separated from its neighbouring cells by a gap of 2 mm. The row of cells along the 
width is 21 mm from the frame while that along the length is 6 mm from the frame. The copper ribbons 
providing the series connection of the cells are not modelled, to reduce the complexity of the model. The 
bus-bar that links each column of cells at the top and bottom of the laminate is modelled. The layers 
within the PV laminate consist of a top glass cover, solar cells and busbar, ethylvinylacetate (EVA) and 
Tedlar backsheet. The solar cells and busbar are embedded in the EVA, which relates to the actual 
laminate after the lamination process. Figure 1 shows the cross-section of the framed PV module. 
 
 
Fig. 1. Cross-section of one half of a typical framed PV laminate. 
Under the sun, most of the backsheet will not be directly exposed to the incoming irradiation as it is 
shaded by the solar cells and busbar above it. In this case, the backsheet model has been partitioned such 
that the heat flux can be applied on the relevant areas directly exposed to irradiation. In addition, the 
frame on which the PV laminate is mounted on will also shade the border regions of the glass and 
backsheet. Similarly, partitions for these parts have been created for the same purpose. 
3. Assumptions of thermal analysis 
The thermal analysis of the PV module is done using the finite element method, assuming: 
 All material properties used are assumed to be isotropic and independent of temperature. 
 The reflectivities of the various materials are considered significant to the analysis. Solar irradiation 
that is not reflected off any surface is fully transmitted to the layer below. 
 The transmissivity of the EVA is taken to be unity. 
 Total internal reflections between the glass and the solar cells and bus bar are considered negligible. 
 The PV efficiency of the solar cells is 15% at the reference temperature of 25 °C. 
glass EVA cells
backsheet silicone sealant
frame
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 The part of the solar irradiation that is neither reflected by the cell nor converted to electricity is 
converted to thermal energy.  
 Ohmic heating in the solar cells is considered negligible. 
 The solar irradiation is taken to be 1000 W m-2 at solar noon with the PV module mounted with zero 
tilt angle. 
 The ambient temperature is equal on every area exposed to the environment. 
 In respect of radiative exchange, the rear of the PV laminate and the frame are taken to view the 
ground only. The ground temperature is assumed to be equal to the ambient temperature. This 
assumption has been widely used in many solar collector studies [5, 6].  
 Similarly, the front of the PV laminate and the frame are taken to view the sky only. The sky condition 
is assumed to be cloudy, which is more prevalent in tropical countries like Singapore. The sky 
temperature follows the parameter from Schott [7] where, for overcast conditions, 
Tsky=Tamb                                                                                  (1) 
 The wind speed across the front of the PV module is taken to be v = 1 m s-1. Using the equation from 
Watmuff et al. as described in Ref.  [8], the convective coefficient (W m-2 K-1) follows the equation 
h = 2.8 + 3.0v                                                                          (2) 
 The rear of the PV module is usually not as well cooled as the front, hence the convective heat transfer 
at the rear is assumed to be half that at the front. 
 Steady state conditions are assumed. 
4. Boundary conditions and parameters applied 
To reduce computational costs and effort, symmetry of the laminate is made use of. X-symmetry and 
y-symmetry are applied to the relevant regions and thus, only a quarter model is created. The properties of 
the various constituents of the PV module are given in Table 1. Following the assumptions detailed in the 
previous section, the parameters are calculated as shown in Table 2. These parameters are based on the 
initial step where the PV efficiency of 15% and the corresponding heat flux on the cells are applied. 
Subsequently, an iterative solution procedure is employed whereby the reduction in PV efficiency in 
accordance to the temperature that results from the simulation in the previous step is taken into account. 
Using iteration, the exact solution for temperature distribution can be found. 
 
Table 1. Material properties 
Material Properties Values 
Reflectivity of glass, rgl 0.04 
Reflectivity of cell, rc 
Reflectivity of busbar, rbb 
0.08 
0.65 
Reflectivity of backsheet, rbs 
Reflectivity of frame, rf 
Emissivity of glass, εgl 
Emissivity of backsheet, εbs 
Emissivity of frame, εf 
0.70 
0.19 
0.85 
0.90 
0.71 
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Table 2. Simulation parameters 
Parameters Values 
Ambient temperature, Tamb 
PV reference efficiency, ηref 
Heat flux on cell, qc 
Heat flux on busbar, qbb 
Heat flux on backsheet, qbs 
Heat flux on frame, qf 
Front and side convective coefficient, hfront, hside 
30 °C 
0.15 
733 W m-2 
336 W m-2 
288 W m-2 
810 W m-2 
5.8 W m-2 K-1 
Rear convective coefficient, hrear 2.9 W m-2 K-1 
5. Results and discussion 
5.1. Temperature distributions 
For a PV module, the PV efficiency varies linearly with temperature [1, 9] as follows: 
ηpv = ηref[1 - β(Tcell - Tref)]                                                                (3) 
The value for β is dependent on the material. For crystalline silicon the value is taken to be 0.0045°C-1 
[10].  ηref is the PV efficiency of the solar cell at the reference temperature Tref. Here, ηref = 15% at Tref = 
25C. 
 
In the initial simulation, the PV efficiency is taken to be ηref and the corresponding constant heat flux 
on the cells is applied. The results show that the highest temperature of the cells is 64.9 °C, located at the 
centre of the module. From Eq. (3), the higher the temperature of a cell, the lower its PV efficiency. Due 
to the fact that all the cells are electrically connected in series and the performance of the whole module is 
limited by the least performing cell, the efficiency of the whole module will be reduced to that of the 
centre cell. From Eq. (3), the PV efficiency of a cell at 64.9 °C is 12.3%. Table 3 shows the iterations 
undertaken subsequently to determine the matching conditions. In the second iterative step, the heat 
dissipated in the cells is adjusted to a higher value of 760.2 W m-2 to take into account the lower PV 
efficiency. With all the other parameters remaining the same, the iteration is continued until the highest 
temperature of the cell and the corresponding PV efficiency converge to a sufficient degree. As shown in 
Table 3, by the third iterative step, the highest temperature of the cell has converged to 66.0 °C and the 
corresponding PV efficiency is 12.2%, within 1% accuracy.  
 
Table 3. Iterations undertaken to determine matching conditions of cell temperature and PV efficiency 
Iteration Step PV cell efficiency (%) Heat flux on cells (W m-2) Highest cell temperature (°C) 
1 15.0 733.0 64.9 
2 12.3 760.2 66.0 
3 12.2 761.2 66.0 
 
The temperature distribution for the whole assembly is shown in Fig. 2. The aluminium frame is the 
coolest at 40.1 °C. This is expected, as the thermal conductivity of aluminium is higher than the rest of 
the materials and the coupled conductive-convective effects bring heat away to the surroundings at a 
faster rate. A temperature gradient thus exists from the frame towards the centre of the PV module. 
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Fig. 2. Temperature distribution (°C) on the PV module 
Figures 3 to 5 show the temperature distribution in the glass, cells and backsheet layers, respectively. 
Across the thickness of the PV laminate, the temperature difference is not more than 1 °C. This is due to 
the layers being very thin, resulting in a very small thermal resistance across the layers. Despite the fact 
that the rear of the laminate is only half as well-cooled as the front by convection, the temperature 
difference between the glass and the Tedlar backsheet is merely 0.12 °C. 
 
The presence of a frame aids in the cooling of the cells along the border. The part of the glass and 
backsheet that appears blue in the contour plots are the regions along the border of the PV laminate that 
are directly blocked from the sun by the aluminium frame. The cooling effect of the frame can more 
evidently be seen by comparing the temperature distribution of the cells along the length and width of the 
module. The cells along the length are 6 mm from the frame while those along the width are 21 mm 
away. From Fig. 4, we can observe that greater region of the cells along the length are in the lower 
temperature range as compared to those along the width. It can be concluded that a close proximity of the 
frame from the cells is beneficial for the cooling effect.  
 
Tina and Abate [11] have measured the temperature on three points on the backsheet of a framed PV 
module with PT100 temperature sensors. It was found that the distribution of temperature along the 
surface of the module has a maximum at the centre and a minimum along the border. It was noted that the 
difference is about 5 °C regardless of the irradiation at which the readings were taken. This non-
uniformity in temperature is also seen in the finite element results presented in this paper. To compare 
their results, the exact points where the temperature sensors were attached on their module (centre of the 
corner cell and centre of the cell in the middle of the module) are used to extract the temperature 
determined by finite element analysis. The finite element results give a difference of 5.5 °C, which is very 
close to their experimental results. 
5.2. Effect of convective loss coefficients on temperature and PV efficiency 
Convection is deemed to be the mode of heat loss to the environment which is highly variable during 
operation. To compare the values of the convective coefficient for different lengths of modules under 
forced convection, the result of Mitchell [8] is used and it can be expressed as 
h = (8.6v0.6)/L0.4                                                                       (4) 
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Fig. 3. Temperature distribution (°C) on the glass cover 
 
 
Fig. 4. Temperature distribution (°C) on the solar cells 
 
 
Fig. 5. Temperature distribution (°C) on the backsheet 
 
For a 2 m PV module, the front convective coefficient for a 1 m s-1 wind speed is calculated to be 6.52 
W m-2 K-1. For two PV modules placed end to end, the length of 4 m is taken and the front convective 
coefficient is calculated to be 4.94 W m-2 K-1 for the same wind speed. Following the same assumptions, 
the convective loss coefficient at the rear of the module is estimated to be half that at the front face. The 
results are summarised in Table 4. It can be seen that the length of the array for a PV system is important 
in determining the effective convective loss coefficient, which would in turn affect the temperature and 
hence the PV efficiency. The difference in PV efficiency between the two cases is 0.22% absolute.  
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Table 4. Highest temperature recorded in various layers for different convective loss coefficients 
hfront [W m-2 K-1] hrear [W m-2 K-1] 
                   Highest temperature [°C] 
     in glass                 in cells              in backsheet 
6.52 3.26  62.8 63.5 62.9 
4.94 2.47 66.2 66.8 66.3 
 
6. Conclusions 
Finite element thermal analysis of a PV module under operation shows that the highest temperature of 
the cells is 66.0 °C under a solar irradiation of 1000 W m-2, taking into account optical and heat losses. 
The corresponding PV efficiency is 12.2%, compared to 15% at the reference temperature of 25 °C. Also, 
the temperature difference between the glass and the backsheet is insignificant due to the layers being 
very thin. The Al frame into which the PV laminate is mounted is useful in cooling the laminate along the 
border. Finally, the array length for a PV system is important in determining the effective convective loss 
coefficient, which would in turn affect the temperature of the solar cells and hence their PV efficiency. 
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